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Introduction
With the rapid development of the global economy and industry the traditional energy resources face the problems of exhaustion and serious environmental pollution. Solar energy is a representative alternative clean energy with signicant advantages: it is abundant, non-pollution, and inexhaustible. The solar energy supplied from the sun is approximately 10 000 times higher than the current energy consumption on the Earth. 1 Therefore, it becomes the most promising energy resource of interest to national governments. Since its development in the previous century, the silicon solar cell has been extensively employed in various industries owing to its low cost, optimized preparation technology, and high efficiency.
2-4
However, silicon has a band-gap of 1.12 eV and thus it can only absorb near-infrared (NIR) photons in the solar spectrum range of 900-1200 nm; the majority of the energy in the ultravioletvisible (UV-Vis) region is lost owing to thermalization of charge carriers, referred to as spectral mismatch, which signicantly restricts the conversion efficiency of the c-Si solar cell to 19%. The efficiency is signicantly lower than the theoretical value of 31.0% reported by Shockley. 5 Extensive studies have been performed to decrease the energy loss caused by spectral mismatch and to increase the device efficiency.
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However, most methods have disadvantages of high costs and complex preparation processes, which limit their applications in solar cells. Quantum cutting (QC) is a promising method to increase the efficiencies of solar cells. According to the design of a luminescent layer on top of the solar cell, one incident UV-Vis photon was converted to two NIR photons, efficiently absorbed by the c-Si solar cell. Therefore, the energy loss caused by thermalization could be effectively suppressed and thus the efficiency of the solar cell could be increased.
11,12
Rare-earth (RE) ions are optimal candidates for QC owing to their abundant energy levels. Considering the energy levels of lanthanides, the Yb 3+ ion has a single excited state at approximately 10 000 cm À1 and exclusively emits NIR photons at $1000 nm, which correspond to the strongest spectral response of c-Si. , ET rate, and QE were also evaluated. The aim of this study was to utilize the broadband UV-Vis part of the solar spectrum to enhance the NIR responses of c-Si solar cells. All of the raw materials were dried at 100-150 C for 10-12 h in the drying oven to remove the residual water. The starting materials were weighed by the designed stoichiometric proportion, a 5 mol% excess of H 3 BO 3 was added as a ux, and then wet-mixed with the absolute alcohol (>97%) for 2-3 h in the agate mortar. Aer mixing, the powder was dried in the oven for 12 h at 100 C. The powder was sintered in a corundum crucible under reducing atmosphere, which was supplied by the mixed gas of 95% argon and 5% hydrogen. Reactions were performed in a vertical high-temperature tube furnace at 1200 C for 3-5 h, and then cooled to room temperature. Both of the heating and annealing rates are 3 C min À1 .
Experimental
In order to identify the phase structures of the as-synthesized samples, powder X-ray diffraction (XRD) measurements were performed using a Rigaku D/max-2000 powder diffractometer with Cu K a radiation (1.5405Å) in the range of . The optical properties were measured using an Edinburgh Instruments FLS920 spectrouorometer; excitation and emission spectra, decay curves, and lifetimes of the products were obtained. All of the measurements were performed at room temperature.
3. Results and discussion were thoroughly incorporated into the matrix. Fig. 1 
ET mechanism
In order to illustrate the ET mechanism in detail, schematic energy diagrams of Eu 2+ and Nd 3+ are presented in Fig. 5 photon. Therefore, the 880 nm and 946 nm NIR emission intensities of Nd 3+ were enhanced. Fig. 6 displays the spectral response of Nd 3+ ion to solar spectrum and silicon absorption. It can be seen that the emission spectrum of Nd 3+ lies in the range of 800-1200 nm, which is much broader than that of Yb 3+ and meets the strongest spectral response of c-Si solar cells. Moreover, the NIR emission of Nd 3+ has been enhanced by the CET process, and then efficiently utilized by the c-Si solar cell. In addition, the excitation spectrum of Nd 3+ in the range of 400-700 nm is a typical broadband, enabling absorption of the strongest emission of the solar spectrum. In a word, the SrAl 2 O 4 :Eu 2+ ,Nd 3+ phosphor can convert the UV-Vis broadband of the solar spectrum to the NIR range, which could be potentially employed to increase the conversion efficiency of c-Si solar cells by reducing the thermalization loss.
Decay curves and ET efficiency
The decay curves for the Eu 2+ :4f 7 / 4f 6 5d 1 transition at 515 nm are plotted for different Nd 3+ concentrations in Fig. 7 . The 
where I 0 is the luminescence intensity at t ¼ 0, while I(t) is the luminescence intensity at t aer the excitation source was cutoff. 30 Furthermore, the dipole-dipole interaction is essential for this CET process according to previous reports.
31,32
The macroscopic ET rate P DA of the dipole-dipole interaction can be estimated by the lifetime of the donor ions (Eu 2+ ) using: phosphors. Under the 362 nm excitation, the Nd 3+ ion emitted two NIR photons in the range of 800-1200 nm by the CET 4 F 3/2 state. The optimal QE was 177.1% before the QC occurred. This material can efficiently utilize the broadband solar spectrum in the UVVis region; therefore, it might reduce the thermalization loss and thus has signicant potentials to increase the conversion efficiency of c-Si solar cells.
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